ABSTRACT: High quality electrical contact to semiconducting transition metal dichalcogenides (TMDCs) such as MoS 2 is key to unlocking their unique electronic and optoelectronic properties for fundamental research and device applications. Despite extensive experimental and theoretical efforts reliable ohmic contact to doped TMDCs remains elusive and would benefit from a better understanding of the underlying physics of the metal-TMDC interface. Here we present measurements of the atomic-scale energy band diagram of junctions between various metals and heavily doped monolayer MoS 2 using ultra-high vacuum scanning tunneling microscopy (UHV-STM). Our measurements reveal that the electronic properties of these junctions are dominated by 2D metal induced gap states (MIGS). These MIGS are characterized by a spatially growing measured gap in the local density of states (L-DOS) of the MoS 2 within 2 nm of the metal-semiconductor interface. Their decay lengths extend from a minimum of ~0.55 nm near mid gap to as long as 2 nm near the band edges and are nearly identical for Au, Pd and graphite contacts, indicating that it is a universal property of the monolayer semiconductor. Our findings indicate that even in heavily doped semiconductors, the presence of MIGS sets the ultimate limit for electrical contact.
How the properties of top contact metals correlate with Schottky barrier height, contact resistance, and band alignments is an essential component that is not well understood 22, 23 . Most previous studies of contact properties have been performed by transport and optical techniques. While both of these can shed light on overall properties of the contacts such as the contact resistance and the difference in work function, they do not offer the spatial resolution that is key to understanding the precise band alignment as well as the lateral properties at the contact edge.
Ultra-high vacuum scanning tunneling microscopy (UHV-STM) -the probe used in this study -provides the atomic-scale resolution necessary to investigate the lateral properties and precise band alignment but is experimentally more challenging for a number of reasons. Ultra-clean, conducting samples are necessary 24 , 25 , which has been hindered by residue from photoresist and standard polymer transfer techniques, as well as the difficulty of performing STM on an insulating substrate. A sharp contact edge is also imperative for an abrupt metal-semiconductor junction. Furthermore, optical resolution limitations resulting from the large optical working distance from outside a UHV chamber to samples within the UHV chamber also make it difficult to approach STM probes to small-area TMDC samples.
In this work, we fabricate <10-nm-thick top contacts with nanometer-scale edge sharpness atop high-quality, large-area, heavily n-type monolayer MoS 2 films allowing UHV-STM and scanning tunneling spectroscopy (STS) atomic-scale characterization of the interface. The large n-type carrier concentration is used in order to minimize Schottky barrier effects and examine contacts near the ohmic regime. We also investigate the impact of different metal properties by studying three different types of metal-MoS 2 top contact junctions. Graphite and gold (Au) were chosen as metals 28 . More than 95% of the film area consisted of monolayer MoS 2 with an occasional patch of bilayer or trilayer MoS 2 (such patches were avoided in this study). Optical absorption, photoluminescence (PL), and Raman spectroscopy were used for preliminary sample quality characterization. Monolayer films showed a PL peak at 1.87 eV, in confirmation with previous PL on high quality exfoliated and CVD samples in other works. After preliminary film quality characterization, wafers were cleaved into 3 mm × 10 mm pieces and split into three batches for fabrication with different contact metals.
In Batch 1, a graphite-MoS 2 top contact junction was created by depositing a thin exfoliated flake of graphite (about 2-nm-thick) -providing a naturally sharp contact edge -onto monolayer MoS 2 using the standard polymer dry transfer technique. To enable collection of the STM tunneling current, contact to the graphite and MoS 2 was formed by Au evaporation through a shadow mask to preserve sample cleanliness (see Figure 1(a) ). Note that for Batch 1, in contrast to Batches 2 and 3, the evaporated metal is merely for collecting tunneling current because the graphite-MoS 2 junction of interest is atop an insulating substrate of SiO 2 . Figure 1 , which shifts the CNL from mid-gap. It has been found that the CNL in monolayer MoS 2 is shifted towards the conduction band 22 , the same direction as the shift in minimum decay length in our experimental results. At the conduction band edge, we observe the expected divergence in the MIGS decay lengths, in concurrence with the theoretical curve. Approaching the valence band edge, there is a gradual increase in decay length, although the MIGS persist into the valence band before diverging. This continuation of MIGS into the valence band, in disagreement with models, has been previously observed 35 . The inability of the simple model to capture this effect is likely because the model fails to account for the precise nature of the valence band and the localization of carriers near the valence band edge, which is affected by defects and film quality. MIGS have been experimentally observed in 1D 35 and 3D 36 systems, but to our knowledge, this is the first experimental confirmation of MIGS in 2D materials.
Another interesting aspect of our findings is the lack of the inherent Schottky barrier and depletion width formed at the metal-MoS 2 junctions due to workfunction mismatch. Although the large carrier concentration was expected to minimize the Schottky barrier, the complete absence is surprising. Schottky barriers are normally characterized by spatial bandbending inside the semiconductor which indicates the depletion region inherent due to Fermi level misalignment, as shown in Figure 4(c) . This is clearly not observed in our experimental dI/dV spatial line profiles. Thus, there is no Schottky barrier in these contacts and MIGs govern the metal-semiconductor transition and set the ultimate limit for electrical contact in heavily doped monolayer semiconductors. We attribute the lack of a Schottky barrier to a shorter depletion width than the characteristic MIGS decay length as indicated in Figure 4 Figures S1c and S1d show STM topographies of the Pd-MoS 2 junction. As the Pd evaporation source was less stable than the Au, the electrode has slightly more leakage of metal particles onto the MoS 2 than the Au electrode. Albeit this, clean regions with sharp final grains far from leaked grains are plentiful. The STS line profiles are taken in regions far (tens of nm) from any metal leaked grains, thus ensuring that they do not influence the dI/dV heat maps. Topographies are both taken at set points of 2 V and 100 pA.
S3. Polymer Transfer Details
In brief, a bulk graphite crystal was mechanically exfoliated onto a PPC-covered Si wafer. The PPC film was subsequently placed on a piece of PDMS on a glass slide, which was then inverted and the desired graphite flake positioned above the MoS2 film. After establishing contact between the two, the temperature was gradually increased to 90 C to melt the PPC and allow the PDMS to detach from the substrate. Finally, samples were soaked in acetone overnight and rinsed with isopropanol to remove any residual PPC.
S4. Shadow Mask Technique
A high quality razor blade is cut to a several mm 2 piece, keeping the razor edge clean and untouched. Razor blade piece is then positioned carefully onto samples using Kapton tape. Razor blade piece is positioned to sit at an angle such that the sharp razor blade edge is only about 5 µm from the sample surface. 
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S5. Tip Comparison
As probe effects are a serious consideration, we have compared two data sets taken on the same junction, however with different tips and in different locations. Figure S2 (a-b) show a comparison of the Graphite-MoS 2 dI/dV 10 nm line cut provided in the manuscript, with an alternate dataset taken on the same Graphite-MoS 2 junction, however in a different area and with a different tip. Both show the distinct evolution of the gap. In Figure S2 (c) , we have plotted the corresponding decay lengths of each of the two datasets, as in the analysis in Figure 4 (c) of the manuscript. The plot shows that the decay lengths of the two datasets are in reasonable agreement.
